Background: Osteoarthritis (OA) is now increasingly recognized as being related to the whole joint instead of the cartilage alone. In particular, the importance of subchondral bone in OA pathogenesis has drawn a lot of interest. The aim of this study is to investigate subchondral bone microstructural features in two femoral condyles of human knee osteoarthritis.
Background
Osteoarthritis (OA) is a degenerative joint disease that causes joint pain, stiffness and loss of independence. Currently, the structures that initiate disease onset and progression are unclear, and no definitive cure for osteoarthritis is available. The only treatment options include pain control and ultimately joint replacement [1] . Generally, the hallmark of OA has been accepted as articular cartilage loss, and the involvement of subchondral bone was secondary to cartilage attrition. However, recent findings showed that changes in subchondral bone appeared in early-stage osteoarthritis, preceding cartilage deterioration [2] . In models of rat OA, an attenuated subchondral bone plate, decreased trabecular thickness and increased trabecular separation were detected using micro-CT as early as 2 weeks after inducing OA [3, 4] . MRI studies for osteoarthritic knees have also shown that subchondral bone marrow edema-like lesions (BMLs) were associated with pain and increased cartilage loss in the same region in early OA [5] .
Moreover, subchondral bone and cartilage form a unit in anatomic regions to sustain mechanical forces. When either of these is altered, increased loads will be transmitted from one surface to the other [6] . Increasing evidence suggests that cartilage and subchondral bone interact and that chondrocytes and bone cells are intimately interconnected in the course of disease [7] . On one hand, chondrocytes could transdifferentiate into osteoblasts in the growth plate [8] . On the other hand, various cytokines produced by subchondral bone were able to regulate cartilage metabolism [9] . In addition, pharmacological studies have shown that bone remodeling inhibitor drugs could improve clinical symptoms and reduce structural progression [10, 11] . Therefore, the assessment of bone structure, except for cartilage, is very critical for the elucidation of OA pathogenesis.
Unfortunately, in recent human osteoarthritis studies, most studies have focused on end-stage subchondral bone changes, and these results were mainly derived from analyses of tibia plateaus after joint replacement using micro-CT or histopathology. Most of the knowledge about early subchondral bone changes has come from animal OA models. Moreover, in the knee joint, in contrast to tibia plateaus, more loading forces are concentrated in the two femoral condyles [12] . Very little information is available in the literature on changes in the subchondral bone structure in these locations during OA. In recent years, with improved MRI resolution and post-processing algorithms, a few relevant studies have been performed, but the results failed to reach a conclusion. The initial MRI study demonstrated significant variations in the trabecular bone structure of the femur and tibia based on very few subjects [12] . Afterwards, Chiba K et al. noted that with OA progression, the trabecular bone structure showed osteoporotic changes in the lateral joint and sclerotic changes in the medial joint [13] . Recently, Chang G et al. used 7 T MRI to display deterioration in the subchondral bone microstructure of the distal femur in patients with mild OA [14] . However, in clinical practice, 7 T MRI is not commonly available, and its application is limited due to increased chemical shift variations, radiofrequency power deposition and magnetic field inhomogeneity [15] . Given this, we used 3T MRI to perform a cross-sectional quantitative analysis of the trabecular bone structure and cartilage to further investigate alterations in the subchondral bone microstructure during the course of OA.
Methods

Subjects
Our prospective study was approved by the hospital institutional review board (Shanghai No. 6 People's Hospital), and written informed consent was obtained from all patients. Between September 2016 and march 2017, 80 subjects were recruited by one orthopedic surgeon with 15 years of experience (SH), and diagnosis was based on a clinical examination and an anteriorposterior weight-bearing knee radiograph. The OA subjects were further divided into two groups based on the Kellgrene-Lawrence (KL) classification [16] . Thirty-three patients with KL scores of 1-2 were classified as mild OA (group 1) (17men and 16 women, age = 45.64 ± 9.09 years, body mass index (BMI) = 24.51 ± 3.32 kg/m 2 ). Sixteen patients with KL scores of 3-4 were categorized as severe OA (group 2) (7 men and 9 women, age = 58.19 ± 6.34 years, BMI = 24.71 ± 3.19 kg/m 2 ). In addition, thirty-one healthy subjects without knee impairment or radiographic signs of OA were classified as control subjects (group 0) (11 men and 20 women, age = 30.23 ± 9.34 years, BMI = 23.51 ± 1.22 kg/m 2 ). All subjects were performed a standardized WOMAC questionnaire (Western Ontario and McMaster Universities Arthritis Index) of pain, functional impairment and stiffness [17] . The detailed clinical data for both control and OA groups were summarized in Table 1 . We excluded patients with a history of obesity, knee injury or surgery, inflammatory arthritis, osteonecrosis, or other disease that affects bone structure.
Imaging modality
Radiographs of the knee were performed on a DR (Siemens, Germany), and all patients were asked to stand with the patella facing forward in weight-bearing position while a standard plain X-ray in the anteroposterior plane was taken.
MR imaging of the knee (affected knee in OA subjects, nondominant knee in control subjects) was performed on a 3.0-T superconducting MR scanner (Koninklijke Philips NV, Amsterdam, the Netherlands) with an eightchannel knee coil. The knee flexion angle was adjusted 15°, and a dedicated holder was used to reduce motion artifacts at the time of imaging. The MR imaging protocol included two pulse sequences. The imaging sequences and parameters of each examination were as follows: Sagittal 
Image analysis
A 3D measurement of the subchondral bone microstructure and cartilage was performed in the sagittal plane using an in-house program created with MATLAB (Math Works, Natick, MA). Five successive slices within the center of the medial and lateral joints were separately selected by a musculoskeletal radiologist (CLL). Prior to the quantitative analysis of the subchondral bone microstructure, N4 correction and a non-local means denoising approach were applied to correct signal intensity variations and image artifacts [18] . The region of interest (ROI) for subchondral bone was 5 mm wide below the subchondral bone plate covered by cartilage in each slice (Fig. 1) . The ROI was established semi-automatically by a single biomedical engineer (CL). Then, the 3D interpolations function and the local thresholding algorithm were used to yield a 3D binary volume. For each VOI, a bone volume fraction (BVF) map was created by scaling voxel signal intensities from 0 to 100 (0 = pure marrow, 100 = pure bone). We utilized the digital topological analysis (DTA) to determine subchondral bone networks and compute topological classes for each ROI [19] . The measured parameters included BVF, trabecular network osteoclastic resorption (erosion index, EI), and the trabecular plateto-rod ratio (SCR). The Fuzzy distance transform method was used for trabecular thickness measurements [20] . The cartilage was segmented using ITK-SNAP. The radiologist (CLL) manually delineated the cartilage using a graphics cursor. The cartilage region of each femoral condyle corresponded to the ROI for the trabecular bone analysis, and cartilage thickness was separately calculated ( Fig. 1 ).
Statistical analysis
A statistical software package (SPSS 16.0, SPSS, Chicago, III) was used to perform the statistical analysis. The mean value and standard deviation were computed for each trabecular parameter and cartilage thickness in each femoral condyle. The significance of the observed differences between the medial and lateral femoral condyles was established using Student's paired t test. The subchondral bone and cartilage parameters between the groups were compared using an analysis of covariance (ANCOVA) with an adjustment for age. The correlation between cartilage thickness and subchondral bone parameters were analyzed by Pearson's correlation coefficient test; P < 0.05 was considered statistically significant.
Results
Trabecular bone structure and cartilage image processing
The data processing steps for the trabecular bone analysis are shown in Fig. 2 . MR image intensity inhomogeneity was corrected and image artifacts were dropped. The MR image and BVF map clearly depict trabecular orientation and spatial distribution in the medial and lateral femoral condyles. Representative 3D BVF maps for the subchondral bone microstructures of control subjects, mild OA subjects and severe OA subjects are shown in Fig. 3 (a-c).
Compared to the control subjects, the osteoarthritis subjects demonstrated sparse trabeculae and heterogeneous distribution in both femoral condyles and as the degree of OA increased, deterioration in the trabecular bone microarchitecture became further aggravated.
Representative cartilage segmentation images for varying degrees of OA are shown in Fig. 3 (d-f) . There was an elaborate fitting in the inner and outer boundaries of the cartilage. Within the medial femoral condyle, compared to the control subjects, cartilage thickness did not significantly change in mild OA subjects. However, in severe OA, the cartilage was obviously thinning.
Quantitative analysis of topological parameters in the subchondral bone structure and cartilage thickness Medial-lateral differences of trabecular structure and cartilage thickness in the femoral condyles
The descriptive statistics for bone and cartilage measurements by group were summarized in Table 2 , and the mean medial-lateral differences in the femoral condyle for each group were shown in Table 3 . For each group, significant differences were observed in the BVF, EI and SCR between medial and lateral femoral condyle. The BVF and SCR values were higher and the EI was lower in the lateral femoral condyle. However, no significant difference was observed in trabecular thickness between both femoral condyles. For cartilage thickness, no significant difference was observed between the two femoral condyles in the control subjects, but in the mild OA and severe OA subjects, the differences arrived at statistical significance (P < 0,05). Cartilage attrition mainly occurred in area that lower bone topological parameter (medial femoral condyle), which was an interesting finding.
Differences in trabecular structure and cartilage thickness between controls and patients with OA
The trends in subchondral bone parameters and cartilage thickness in both femoral condyles between different OA subjects are shown in Fig. 4 . As shown in Fig. 4 , within the medial femoral condyle, compared to control subjects, the BVF, SCR and trabecular thickness showed marked decreases, and the EI rise sharply in the mild OA subjects. In the severe OA subjects, the BVF appeared to decrease further, the EI increased slightly, the SCR decreased slightly, and trabecular thickness increased slightly. Within the lateral femoral condyle, a similar trend was apparent during the course of OA. Within the medial femoral condyle, compared to control subjects, cartilage thickness slightly decreased in mild OA subjects. However, in severe Fig. 3 Representative images of the subchondral bone and cartilage between varying stages of OA. For the analysis of the trabecular bone microstructure (a-c), compared to healthy control subjects (a), microstructural deterioration was observed in the medial and lateral femoral condyles of patients with mild OA (b). With disease progression, the degree of deterioration was further aggravated (c). For the analysis of the cartilage, there were no significant changes in cartilage thickness or volume in the medial condyle in mild OA subjects (e) compared with control subjects (d), but in the patients with severe OA (f), cartilage thickness was significant thinner than in mild OA and control subjects To evaluate the magnitude of these differences, the absolute value of each parameter for each OA group in the medial and lateral femoral condyles was calculated and summarized into Table 4 . As illustrated in Table 4 , in the comparison of control subjects and mild OA subjects, the absolute values for the BVF, EI, SCR and trabecular thickness showed significant differences in both the medial and lateral femoral condyles (P < 0.05). In the comparison of control subjects and severe OA subjects, significant differences were also seen in each parameter, except for trabecular thickness (P < 0.05). However, in the comparison of mild OA and severe OA subjects, a significant difference was seen only in BVF, and the other parameters did not show significant differences. For cartilage thickness, no significant difference was observed between the control subjects and mild OA subjects in the medial femoral condyle. However, in the comparison of mild OA and severe OA subjects, a significant difference was seen. Within the lateral femoral condyle, cartilage thickness only slightly decreased, but a significant difference was not found between the different OA groups.
Correlations between the subchondral bone parameters and cartilage thickness
To further identify the dynamics between cartilage degeneration and subchondral bone structure, we investigated the interrelationship between trabecular topological parameters and cartilage thickness in both femoral condyles. As shown in Fig. 5 , medial cartilage thickness was not only positively correlated with the medial BVF (r = 0.321 P = 0.004) but also positively correlated with the lateral BVF (r = 0.270, P = 0.15). Correlations between other trabecular topological parameters and medial cartilage thickness were not found. Moreover, the relationships between lateral cartilage thickness and trabecular parameters showed no significant correlations (P > 0.05).
Discussion
Our current findings showed that within two femoral condyles, subchondral bone structure was deteriorated in mild OA, and in the severe OA, osteoporotic changes Table 3 Mean medial -lateral differences in cartilage and bone parameter values between different groups of subjects Data are mean ± standard deviation. The Mean medial -lateral differences in cartilage and bone parameter values between different groups of subjects is shown based on Student's paired t test. * = p < 0.05, ** = P < 0.001. Group0 = control subjects, Group1 = mild OA subjects, Group2 = severe OA subjects Fig. 4 The trends in subchondral bone parameters and cartilage thickness for the medial and lateral femoral condyles between different OA subjects. Group 0 = healthy control subjects; Group 1 = patients with mild OA; Group 2 = patients with severe OA. BVF = bone volume fraction. EI = Erosion Index. SCR = trabecular plate-to-rod ratio. MFC = Medial femoral condyle, LFC = lateral femoral condyle in the trabecular bone were further aggravated. Moreover, the trabecular bone structure showed significant variations in the medial and lateral femoral condyles. Cartilage attrition mainly occurred in area that lower bone topological parameter (medial femoral condyle). In addition, our findings further confirmed that cartilage degeneration was accompanied by changes in the subchondral bone structure. In mild OA, our findings showed that the BVF, SCR, and trabecular thickness significantly decreased and the EI significantly increased, indicating subchondral bone quality deterioration. These results were consistent with those of prior animal OA studies that showed subchondral bone plate thinning, increased porosity and BVF loss in early OA [21, 22] . In contrast, cartilage thickness loss was not significant, indicating that deterioration of the trabecular bone structure may more easily reveal early OA. Moreover, our finding was also similar to that of Chang G et al. reported using 7 T MRI. Although the spatial resolution of 3T MRI was limited, we came to consistent conclusions relative to trabecular structure changes in mild OA. In addition, in our study, sample size and disease stages increased, sagittal imaging was performed to evaluate subchondral bone and cartilage simultaneously. Increasing evidences showed that weaker subchondral bone quality alters stress-distributing and load-absorbing on cartilage, causing physical damage to the cartilage. In turn, cartilage loss also increases biomechanical loading on the subchondral bone plate and promotes subchondral bone remodeling [23, 24] .
In severe OA, the BVF further decreased in both femoral condyles, which was inconsistent with previous studies that noted bone sclerosis with an increased BVF in advanced OA. These results may be due to subchondral bone cyst formation and disuse atrophy in both femoral condyles. Subchondral cysts represent a process of osteoclast-mediated bone resorption, showing decreased trabecular bone mineralization with interruptions and holes [25] . In addition, in the end-stage of OA, deceased activity may also cause osteoporotic changes in the trabecular bone structure. However, compared with mild OA, the EI slightly increased and trabecular thickness was greater, which may indicate that trabecular resorption slowed down. These findings may be related to subchondral bone marrow Data are mean ± standard error The significance between groups is shown based on ANCOVA with adjustment for age. The differences are based on group0-group1, group1-group2 and group0-group2. * = p < 0.05. Group0 = control subjects, Group1 = mild OA subjects, Group2 = severe OA subjects. MFC = medial femoral condyle, LFC = lateral femoral condyle edema-like lesions (BMLs) and bone formation. Studies have shown that BMLs reflected increased bone remodeling that corresponded to trabecular bone microfractures and bone marrow fibrosis. BMLs showed higher BVF values, trabecular numbers, and thickness [26, 27] . In advanced OA, the subchondral bone microstructure was relatively heterogeneous and microscopic changes varied across the joint surface. These may partially account for this phenomenon. Using synchrotron radiation computed tomography imaging in end-stage OA, Chiba et al. also showed bone sclerosis and bone cysts mixed in the subchondral bone microstructure [25] . Moreover, our study found higher BVF, SCR and lower EI in the lateral femoral condyle when compared with the medial condyle from same group, which may be due to differences in anatomical structures and loading functions. On the sagittal plane, the lateral condyle had a wider loading surface and the loading force was more concentrated in the lateral condyle [12] . Wolff J also stated that subchondral bone remolding depends on the forces placed upon it [28] . Interestingly, cartilage attrition mainly occurred in areas that lower BVF and SCR (medial femoral condyle). This indicated cartilage degeneration was influenced by the remodeling of the underlying subchondral bone. In the future, the prevention of OA progression may be achieved through modifications of biomechanical loading and gait.
Furthermore, our findings further confirmed that medial cartilage degeneration was not accompanied by deterioration in the ipsilateral compartment but with loss in the opposite compartment. As the medial cartilage thickness loss, in the medial femoral condyle, BVF decreased, which may be due to a loading force shift from femur to tibia. Ding and Bobinac et al., using micro-CT reported BVF and trabecular thickness increased in the medial tibia and showed bone sclerosis in knee OA patients [29, 30] . In the lateral femoral condyle, BVF also decreased, which may be attributed to loading force from the lateral joint to the medial joint. Compared with BVF, correlations between other trabecular topological parameters and cartilage thickness loss were not found, which indicated BVF may be a more sensitive biomarker for evaluating OA severity. In the future, it may be used to monitor the efficacy of an osteoarthritis intervention.
In this study, we focused on a digital topological analysis, which has been validated and has shown its relative immunity to partial volume blurring and noise [31] . It has been used to quantify the architecture of human trabecular bone in MR images acquired from cadavers and in vivo [14, 32] . Our results further validated its availability and practicability.
There are several potential limitations in our study. First, lack of age-matched control groups was our primary limitation. Second, in our study, we acquired images in the sagittal direction to evaluate subchondral bone and cartilage simultaneously. This may have increased the partial volume effect in slice dimensions. Third, we conducted a cross-sectional study based on a relatively small number of subjects, so a potential selection bias or unknown confounding factors may be present. In the future, we will perform a longitudinal study of OA subjects to further investigate the temporal sequence of changes in the subchondral bone microstructure and cartilage. Finally, the image acquisition and data processing time was relatively long. Image processing and analysis algorithms should be further optimized.
Conclusions
In conclusion, the present results indicated that, with limited spatial resolution, 3T MRI coupled with image processing could simultaneously evaluate the three-dimensional trabecular bone microarchitecture and cartilage morphology in living patients with OA. In the mild OA subchondral bone microstructure was deteriorated in both femoral condyles, and as increased severity of OA, osteoporotic changes in the subchondral bone were further aggravated. In addition, medial cartilage thickness was positively correlated with both medial BVF and lateral BVF. These results indicated that MRI derived structure parameter could be a potential marker for evaluating OA severity. Overall, our results further confirmed the concept that poor subchondral bone quality was associated with OA, and may serve as a new potential therapeutic target in osteoarthritis. In the future, this technique could be used to monitor the efficacy of treatments targeting the subchondral bone tissue. 
